Introduction
Solution-processable organic solar cells (OSCs) have been attracting much attention over the last decades as a niche alternative to the inorganic solar cells. The record efficiencies for the multi-junction solution-processable OSCs have recently reached 12% [1] , with a continuing pursuit for higher efficient, single-junction OSCs.
One of the ways to increase the efficiency of a singlejunction OSC is to maximize the amount of absorbed sun photons of different colors. Modern OSCs comprise high loadings (>60%) of [70]PCBM fullerene acceptor [2] which efficiently harvests green and blue photons. Yellow and orange photons are mainly absorbed by the donor material, while the harvesting efficiency of the red and near-IR photons is often non-optimal. To increase the amount of collected low-energy photons, the absorption of the donor material is tuned to the red by utilizing the so-called "push-pull" approach [3] . Low-bandgap push-pull polymers have been proven perspective OSC donor materials, with the efficiencies reached as high as~10% for a singlelayer OSC [4] [5] [6] .
In the push-pull polymers, a particular combination of intrapolymer donor and acceptor units determines the wide range of photophysical properties. Initial processes of photon absorption, intramolecular chargetransfer (ICT) exciton formation and their following dissociation/ recombination form the basis for the device operation. These early-time dynamics in pristine pushpull polymers are quite complex and include a number of competitive processes [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The initial ultrafast photophysics of polymer-based bulk heterojunctions (BHJs) with fullerenes are even more complicated and depend on a number of factors such as the particular polymer structure, acceptor type, donor-acceptor phase separation known as BHJ morphology [25] etc.; even slight modification any of the parameters might lead to dramatic changes in charge generation efficiency.
In the pristine push-pull polymers, intramolecular formation of excitons and polaron pairs (or charge-transfer excitons with partial charge separation [26] ) and their recombination take place simultaneously, with the branching ratio depending on the acceptor unit strength [27] and the distance between the donor and acceptor units [22] . In the mixtures with an external electron acceptor (e.g. PCBM), intermolecular charge separation [9, 11, 28] and recombination [17] complement the intramolecular processes, often mediated by formation of the intermolecular charge-transfer (CT) states [14, 15] . Moreover, in modern OSCs with [70]PCBM as the acceptor, [70]PCBM excitation also leads to formation of the separated charges via the hole-transfer process preceded by exciton diffusion in phase-separated fullerene domains [14, 29, 30] . Hence, both hole and electron transfer produce comparable amount of charges [7, 14, 31, 32] and need to be optimized on equal footing.
A fascinating example of the effect of molecular structure on charge separation is a pair of well-known polymers: PCPDTBT [33] [34] [35] and BTT-DPP [36] [37] [38] (Fig. 1 ). These polymers demonstrate similar red-shifted absorption and comparable bandgaps. However, efficiency of the charge generation processes of these polymers in BHJs differs substantially. BTT-DPP features extremely inefficient electron transfer to [70]PCBM which is usually explained by a too low LUMO-LUMO offset of 0.1-0.3 eV [12] [13] [14] 39] . Agreeably, this offset might be lower than the exciton binding energy -but in the PCPDTBT:PCBM system where the PCPDTBT LUMO energy is only~0.2 eV higher than that of BTT-DPP, the electron transfer is highly efficient [15, 20] . This unusual and not yet fully understood behavior makes the BTT-DPP and PCPDTBT pair a perfect model system for fundamental studies of early-time charge separation in organic BHJs.
In this work, we investigate electron and hole transfer processes in BTT-DPP and PCPDTBT polymers blended with [70]PCBM by ultrafast polarization-sensitive photoinduced absorption (PIA) spectroscopy. In pristine films of both polymers, the excited state quickly (at the timescale of 10 ps for BTT-DPP and 50 ps for PCPDTBT) relaxes back signifying fast recombination of the ICT excitons. These results are supported by (time-dependent) density functional theory ((TD)DFT) calculations. The fast ICT exciton recombination is retained in BTT-DPP blends with [70]PCBM while in PCPDTBT based blends ICT exciton recombination is suppressed by electron transfer to
[70]PCBM indicating efficient dissociation of ICT excitons onto free charges. The photoinduced anisotropy dynamics allowed us to disentangle the electron and hole transfer contributions to the free charges. In BTT-DPP-based blends, only hole transfer contributes to the free charges, while in PCPBTBT: [70] PCBM blends the free charges are produced via both electron and hole transfer channels with comparable efficiency. All these results demonstrate that the exciton dissociation efficiency is very sensitive to the precise alignment of the polymer-[70]PCBM HOMO-LUMO energies which should be taking into account for optimal molecular design. 
Experimental Procedures

Sample preparation
All samples were prepared by spin-casting from mixed solutions on microscope cover-glass substrates. For the BTT-DPP-based blends, we followed the film preparation procedure, described in Ref. [39] . The BTT-DPP polymer (average molecular weight Mn =90 kg mol − The mixing procedure was similar with one described above; the films were spin-casted at 1000 rpm for 2 min in air. After casting, all films were stored in the vacuum-pumped excicator for at least 12 hours to prevent polymer degradation.
Optical
Absorption spectra were recorded with a Perkin-Elmer Lambda 900 spectrophotometer. PIA measurements were performed with a pump-probe setup, based on a SpectraPhysics Hurricane system (~120 fs, 800 nm, 1 KHz repetition rate). The output of the Hurricane was used as a pump for two optical parametric amplifier (Light Conversion TOPAS), operating either in the visible (480-2600 nm) of infrared (1.2-20 µm) regions. The polarization of the probe pulse was rotated by 45°with respect to the pump pulse; after the sample the parallel and perpendicular components of the transmitted probe beam were selected by wire-grid polarizers and detected by nitrogen-cooled InSb detectors.
The isotropic (population) signal and transient anisotropy were calculated using following well-known equations [43] :
where ∆T || and ∆T ⊥ are the relative transmission changes with the pump open/closed for the parallel and perpendicular components of the probe, respectively.
Computational
In order to compare systems of similar size, geometries of a neutral, anionic and cationic dimer of BTT-DPP and a trimer of PCPDTBT were optimized using Density Functional Theory (DFT) (BHandH [44]/6-31G**) with GAMESS-UK [45] and unrestricted DFT (UDFT) in the case of the charged systems. Subsequently, the lowest 20 vertical excitation energies were calculated using time-dependent DFT (TD-DFT) (BHandH/6-31G**) with DALTON [46] .
The absolute difference in dipole moment between the ground and first excited state of the molecule, ∆µge, was calculated in the same way as introduced by Carsten et al. [47] . Dipole moments of the first excited state were calculated using Density Functional Quadratic Response Theory (BHandH/6-31G**) with DALTON.
Plots of an isosurface of the electron density displacement upon excitation, ∆ρ(r), were generated with GAUSSVIEW to visualise the charge transfer upon excitation of the system. In addition, ∆ρ(r) was used to calculate the charge-transfer excitation length, D CT , according to the procedure outlined by Le Bahers et al. [48] . The difference between the Mulliken charges of the first excited and ground state, grouped per segment, was used to quantify the amount of transferred charge between the donating and accepting segments of the molecules during the excitation (GAUSSIAN09 [49] ).
The vibrationally-resolved electronic spectrum (progression 60%) for the first excited state of BTT-DPP (dimer) was calculated within the Franck-Condon approximation, i.e., the electronic dipole moment is assumed constant during the transition, using DFT (BHandH/6-31G**) with GAUSSIAN09. Further computational details are reported in the Supplemental Materials (SM).
Results and Discussion
Linear absorption spectra
The shapes of the absorption spectra for BTT-DPP and PCPDTBT polymers are very similar, which implies comparable photon harvesting in OSCs under solar irradiation. Both spectra exhibit strong broad absorption, with two separated absorption bands (Fig. 2) . The low-energy absorption bands are located in the 600-800 nm region. For both polymers, this band is modulated by the vibronic progression, resulting in two sub-peaks at~750 nm (more intense) and~700 nm (less intense). The high-energy bands are centered around~420 nm for both polymers. This band is more pronounced in the PCPDTBT polymer than in the BTT-DPP polymer
The calculated spectra for both polymers are shown in Fig. 2a ,b by the vertical bars (see SM, Computational for details). For PCPDTBT, the calculated spectrum matches the experimental one quite well, reproducing all main transitions involved. For BTT-DPP matching is far from perfect. However, inclusion of vibronic effects (dotted line, Fig. 2a ) improves the agreement between the calculated and the measured spectra markedly; two peaks with high oscillator strengths at~690 nm and~760 nm appear in full agreement with the experimental data. Therefore, the most intense peaks in PCPDTBT and BTT-DPP polymers should be described differently: in the former, it is due to the direct HOMO-LUMO transition, while in the latter the absorption is mainly determined by the vibronic progression. For both polymers the photoexcitation exhibits strong ICT character: in the excited state, the electron density is shifted to the acceptor units of the polymers (Fig.  2e ,f, red areas).
In BHJ blends with [70]PCBM, both the polymer and [70]PCBM contribute to the absorption (Fig. 1c, d ). Since the main part of both BTT-DPP and PCPDTBT absorption is in the red, [70]PCBM absorption prevails in the green and blue parts of the spectra (at <550 nm wavelengths). Note that the share of the polymer and [70]PCBM to the blend absorption differs for the two polymers due to variations in the polymer absorption cross-section. Therefore, in BHJ blends both polymers and [70]PCBM contribute to the photon harvesting process and, consequently, to the charge production.
Two excitation wavelengths were selected for the PIA experiments in order to unravel the relative contributions of electron and hole transfer processes to the overall photon-to-charge conversion. To examine the polymer contribution to the separated charges, excitation at 750 nm was chosen which predominantly excites the polymers. To study the hole-transfer process, 480 nm excitation was used where the contrast between [70]PCBM and polymer excitation is maximized.
IR photoinduced absorption spectra
The photoinduced IR absorption spectra for both polymers are shown in Fig. 3 . Generally, the infrared response of the BHJ blends consists of the responses of ICT excitons (dominating at early times) and polarons (dominating at long times) [19, 20, 39, 50] . The ICT exciton response was recorded from the films of the pristine polymers at short delay times (~1 ps). For both polymers, a single broadband excitonic peak is observed in the near-IR region. For the BTT-DPP polymer the peak is located around 1.4 µm, while for the PCPDTBT polymer the peak is found at~1.6 µm. The polaron peaks (recorded at 1.5 ns delay for 1:1 blends, when all ICT excitons have either recombined or dissociated into charges) are spectrally distinct from the exciton peaks for both polymers. For the BTT-DPP polymer the polaron peak is very broad and centered around~1.2 µm [13] . The PCPDTBT polaron peak is noticeably narrower and located around 1.25 µm [9, 11] . Overall, for both polymers the polaron peak is blue-shifted as compared to the exciton peak. However, the ratio of absorption cross-sections of the polaron and exciton responses are different: for the BTT-DPP, the exciton response is by a factor of~2 higher than the polaron response while in PCPDTBT the ratio is reversed, providing the polaron response a factor of~5 advantage.
Since the interest here is in charge generation, the probe wavelengths have been chosen at 1.2 µm and 1.25 µm for BTT-DPP and PCPDTBT, respectively, thereby maximizing the sensitivity to the separated charges (polarons).
Isotropic transients
Figures 4a,c show the PIA dynamics for both BTT-DPP and PCPDTBT polymers after 750 nm excitation, i.e. after (mainly) exciting the polymer. For the neat films instantaneous (within the apparatus function) build-up of the signal is followed by decay within the first 100 ps for both polymers. This is consistent with ultrafast formation and decay of ICT excitons with a finite lifetime on the polymer chains. Note that in the PCPDTBT film a small offset is present even at ns delay times. This may be due to the formation of small fraction of long-lived polarons in the PCPDTBT film due to, for instance, temperature-induced dissociation of highly delocalized ICT excitons [22] .
The exciton recombination rates are significantly different for the two polymers (Fig. 4) : in BTT-DPP film, the excitons recombine with~10 ps-20 ps timescales [51] while in PCPDTBT film the decay time varies in 50 ps-100 ps region depending on the film preparation procedure [15, 20, 51] . Overall, the exciton lifetime in BTT-TPP is considerably shorter than in PCPDTBT. Generally, the recombination rate is directly related to the bandgap of the material: a wider bandgap leads to slower recombination [27, 51] . In BTT-DPP, the bandgap is~0.2 eV narrower as compared to PCPDTBT which is in line with faster recombination. This conclusion was also confirmed by the (TD)DFT calculations where the exciton binding energy in BTT-DPP was found to be~20% higher than in PCPDTBT (see SM, Computational). Furthermore, the change in permanent dipole moments between the ground and excited states is considerably higher in BTT-DPP than in PCPDTBT (1.42 D vs. 0.73 D, see SM, Computational section), which also increase the recombination rate in BTT-DPP.
For the blends with [70]PCBM, the behavior of the two polymers becomes completely different. For BTT-DPPbased blends, the PIA signal behaves in exactly the same way as for the neat film, with only a minor offset at long delays. This is consistent with the electron transfer process not being efficient in the BTT-DPP:[70]PCBM blends due to a fairly low LUMO-LUMO offset of~0.1 eV (Fig. 1) [12, 13, 39] . Thus, the majority of polymer excitons in the BTT-DPP:[70]PCBM blends do not dissociate into the long-lived charges but undergo intrapolymer recombination similarly to excitons in a neat BTT-DPP film.
In the PCPDTBT-based blends (Fig. 4c ) the PIA signal evolves in a different way. In contrast to BTT-DPP-based blends, no fast decay of the PIA signal is observed after the initial increase, indicating efficient exciton dissociation (for the latter, see SM, Fig. S3 ). Furthermore, the PIA signal keeps on increasing (albeit insignificantly) further for tens of ps. This growth has previously been attributed to dissociation of intermediate interfacial CT states [15] or to diffusion-delayed dissociation of fullerene excitons [20] into the separated charges. After these initial dynamics, the PIA signals level off and remain almost unchanged at the ns timescale for all blends. At these long delay times only a minor decay is observed, which is attributed to the recombination of the interfacial CT state and/or separated charges [20] . The amplitude of the PIA transients (i.e. the amount of charges observed at the polymer) closely follow the absorption share of PCPDTBT in the blend (see SM, Fig.  S4 ), indicating a close-to-unity quantum efficiency of polymer exciton harvesting.
To examine the effect of hole transfer on the intermolecular charge separation, the PIA dynamics in the blends were measured after excitation at 480 nm (Fig. 4b,d ), where the [70]PCBM contribution to the blend absorption becomes substantial (~90% for a 1:4 blend, SM, Fig. S4 ). The dynamics for the neat polymer films after 480 nm excitation are similar to those after 750 nm excitation for both polymers. For the blends, however, the dynamics are more complex.
In the BTT-DPP-based blends, the amplitude of the PIA signal at zero pump-probe delay depends on the [70]PCBM concentration. The initial amplitudes are consistent with the polymer absorption share the blend (see SM, Fig. S4) , and therefore the initial growth is attributed to the formation of ICT excitons in the polymer phase, similarly to 750 nm excitation. Then the signal decays at~10 ps timescale due to the recombination of the generated ICT excitons. However, in contrast with the 750 nm excitation, the PIA signal decays to the level that is substantially higher than in the pristine polymer case. Since at 480 nm the [70]PCBM absorption prevails starting from 1:2 blend (see SM, Fig. S4 ), it is reasonable to assign the offset to charge generation via dissociation of the excitons formed within the [70]PCBM phase-separated domains. Note that prominent exciton-related decay of the signal is present even for 1:4 blends, which suggests a much higher IR absorption cross-section for the ICT excitons as compared to the polarons.
Typically, the [70]PCBM exciton dissociation is diffusion-delayed, which is observed as a gradual in-crease of the PIA signal [25, 30, 31, 39, 50, 52] . In the case of BTT-BPP-based blends, however, the growth is most probably hidden by the signal decay due to the ICT exciton recombination as they take place at similar timescales. It should be noted that the delayed growth of the PIA signal in BTT-DPP:[70]PCBM blends with high molecular weight BTT-DPP at a timescale of~100 ps was reported by Dimitrov et al. [39] In the PCPDTBT:[70]PCBM blends, a prominent delayed build-up of the signal is observed (Fig. 4c) 
Anisotropy dynamics
Photoinduced anisotropy dynamics contain a wealth of information on charge separation and exciton migration processes [53] [54] [55] . In brief, the process of electron transfer maintains the correlation between the transition dipole moments of excitons and hole polarons because the same polymer molecule is involved, keeping the anisotropy value high. In contrast, the hole transfer process involves two different species -a fullerene exciton and a hole polaron on the polymer (that appears after fullerene exciton dissociation at the interface), with orientations of their transient dipole moments uncorrelated. Therefore, the anisotropy value for such a process is close to zero [14, 30] .
The anisotropy transients after 750 nm excitation (i.e. polymer excitation) for the studied blends are shown in Fig. 5a ,c. Initial anisotropy is close to the maximal possible value of 0.4 for blends of both polymers with any [70]PCBM concentration. This indicates that the PIA response is due to the direct excitation of the ICT excitons in the polymer phase, and the orientation of the transition dipole of the probed transition matches the polarization of the excitation pulse. For both polymers, the initial anisotropy value follows the polymer absorption (SM, Fig. S4 ), which is consistent with a small share of the separated charges from interfacial [70]PCBM excitons due to the residual [70]PCBM absorption. Therefore, the initial anisotropy signal after 750 nm excitation originates predominantly from the polymer ICT excitons.
For the BTT-DPP based blends, the anisotropy value decreases in time by approximately a factor of 1.5. This indicates diffusion of the ICT excitons within the polymer phase as the diffusion process changes in the direction of the transition dipole moment [56] . Similarly, in the PCPDTBT-based blends, the anisotropy at long delays (>1 ns) decreases by a factor of 5 with respect to the initial value of~0.3. This can be explained by higher polaron mobility in the PCPDTBT-based blends as compared to the BTT-DPP based ones.
Figures 5b,d show the anisotropy transients after 480 nm excitation (i.e. mainly fullerene excitation, see SM, Fig. S4 ). In pristine BTT-DPP, the initial anisotropy values are almost twice lower (~0.15) than after 750 nm excitation which corresponds to the averaged angle of~35°be-tween the transient dipole moments of excitons created after 750 nm and 480 nm excitations [43] . This might be a consequence of a different symmetry of the high-frequency transition (SM, Fig. S10 ). Change of the polaron transient dipole moment is also conceivable due to the polymer backbone reorganization followed ultrafast extra energy relaxation.
Due to the high IR absorption cross section of the ICT excitons, the initial anisotropy values in BTT-DPP based blends are mainly caused by the ICT exciton response and almost independent on the [70]PCBM concentration. However, since the ICT excitons recombine with~10 ps time (Fig. 4) , anisotropy at long delays decreases to zero for the blended films. This is a clear indication of the fact that all the charges in the BTT-DPP-based blends are generated via the hole transfer process which is isotropic.
In the PCPDTBT-based blends at 480 nm excitation, the initial value of anisotropy closely follows the relative polymer absorption (SM, Fig. S4 ). At long times, the anisotropy in the PCPDTBT-based blends at 480 nm excitation decreases due to the substantial contribution of the diffusion-delayed dissociation of the [70]PCBM excitons. For the blends with high acceptor concentration (>50%), the long-time anisotropy is zero, indicating prevailing contribution of [70]PCBM-originated charges.
It should be noted that the anisotropy dynamics for the PCPDTBT neat film do not depend on the excitation wavelength which is in line with a long separation between the two lower-energy transitions in PCPDTBT absorption obtained in simulations (Fig. 1, vertical bars) . In other words, in PCPDTBT-based blends the same inhomogeneously broadened transition is mainly excited at both 750 and 480 nm. This is in sharp contrast with the BTT-DPP-based blends where according to theoretical calculations, the transitions are more evenly separated (Fig. 2a,b) .
As a final remark we note that photoinduced anisotropy dynamics present a sensitive tool to disentangle the interplay between electron and hole transfer processes. The behavior of photoinduced anisotropy clearly shows that in PCPBTBT: [70] PCBM blends the free charges are produced with comparable efficiency via both electron and hole transfer processes while in BTT-DPP:[70]PCBM blends only hole transfer contributes to the separated charges. This solidifies the conclusions made in [12, 13, 39] and Section 2.3 on the basis of isotropic PIA spectroscopy.
Conclusions
In this work, we have studied exciton dissociation processes in photovoltaic blends of two model low-bandgap polymers, BTT-DPP and PCPDTBT, which demonstrate similar linear absorption spectra and completely different charge separation patterns. To shed light on the exciton dissociation dynamics, we combined ultrafast polarization-sensitive photoinduced absorption spectroscopy with theoretical calculations.
In the BTT-DPP :[70]PCBM blends, charges have been shown to be generated mainly from the [70]PCBM phase via a diffusion-delayed hole transfer process, while in PCPDTBT:[70]PCBM blends both electron and hole transfer channels contribute to the free charges. Density functional theory calculations have shown that BTT-DPP polymer exhibits weaker push-pull properties and a higher exciton binding energy compared to PCPDTBT. This, in combination with the decreased LUMO-LUMO offset of BTT-DPP:[70]PCBM, significantly suppresses the electron transfer from BTT-DPP to [70]PCBM. In contrast, the efficient hole transfer is warranted for both polymers by a substantial HOMO-HOMO energy offset of >0.7 eV.
